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Abstract 
Unilateral NMR was used to monitor the penetration of water into acrylic emulsion paint-outs 
on canvas during cleaning simulations with five thickened conservation treatment systems – 
agarose gels, methylcellulose paste, Pemulen-TR2, poly(vinyl alcohol)-borax gels, and 
Velvesil Plus - and water-moistened swabs. Studies were also carried out to measure the rate 
of water penetration from the different treatment methods into acrylic paints during 
continuous exposure. Unilateral NMR is shown to be an effective technique for comparing 
depth penetration of water during cleaning treatments; the volume of paint occupied by water 
can be extracted from these measurements. The results show that young paint films (1 month) 
are more prone to swelling than aged paint films (2-50 years), with light aged paints having 
the highest resistance to water penetration during treatments. Aged organic pigmented acrylic 
paint (Hansa yellow light) shows a higher propensity for swelling during cleaning than aged 
titanium dioxide white paint. Cleaning simulations using water-moistened swabs and agar 
gels deposit approximately equivalent amounts of water into the paint films, while all other 
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gel systems tested, with the exception of Velvesil Plus, tend to allow approximately 50% 
more water into the paint films. None of the aqueous thickened cleaning systems tested 
reduced the quantity of water which entered the paint films relative to swab cleaning.   
 
1. Introduction 
Cleaning treatments for paintings, frames, and some objects may involve the partial or 
complete removal of the top-most surface layer from the artwork. Historically, this would 
have been a protective layer of spirit or oil varnish, with more modern varnishes tending 
towards synthetic polymer formulations. With each type of varnish the mechanical and 
optical integrity is often compromised due to autoxidation and crosslinking reactions that 
result in embrittlement, cracking and yellowing [1-4]. Grime, dirt, and soot can also 
accumulate on artwork surfaces. Nicotine layers from cigarette smoke in studios and 
galleries, animal glue from consolidations, overpaint applied by previous restorations which 
may age and discolour at a different pace than the original paint, as well as drying oils rubbed 
into the paint surface all may need to be removed. Finally, surfactants from acrylic and other 
dispersion-based paints can migrate to the surface of artworks, encouraging the retention of 
soiling, and potentially resulting in a haze which obscures the colour, saturation and texture 
of the paint [5-10]. 
These processes can cause the stability and aesthetic quality of cultural heritage works 
to be compromised, necessitating conservation treatment to remove aged coatings partially or 
completely, or to clean the surface from accumulated pollutants and soiling, sometimes prior 
to the re-application of fresh protective coatings. The removal of surface materials can be 
mechanical through the use of specialized cloths and erasers, dusting, or simple rubbing off 
of the varnish in the event that it is flaked from a structurally sound paint layer. Removal can 
also be achieved through chemical means by the use of wet cleaning methods such as organic 
liquids, aqueous solutions containing enzymes, surfactants, buffers, chelators, and 
microemulsions, typically delivered via a gently moistened cotton swab. Alternatively, many 
of the same liquids can be confined into a paste or gel system. Paste-like gels from Carbopol 
[11], methylcellulose, laponite [12,13], Pemulen [14], or Velvesil Plus, gels from agar [15-
17], gellan gum [18,19], acrylamide/bisacrylamide [20], or its interpenetrating networks with 
poly(vinyl pyrrolidone) [21,22], and highly viscous polymeric dispersions from poly(vinyl 
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alcohol) and borax [23,24] are all systems used in conservation treatments – some more 
commonly than others.  
Along with the difficulty of tailoring gel systems for the diverse range of materials 
needed to be removed from artwork surfaces (i.e. ideally, a single gelator should be capable 
of forming robust gels with a variety of organic solvents and aqueous cleaning agents) and 
the necessity of organising workshops where conservators can learn about such materials, the 
community has highlighted several questions which must be addressed about new gel systems 
before they are accepted as potential cleaning treatments. The gels should have limited 
adhesion toward the artwork surface so that their complete removal is ensured. If clearance 
steps are necessary, their potential to leach original material from the artwork must be 
evaluated and minimised [25]. Residues of the gel network should be limited, and their 
potential effects on the composition must be evaluated [12,26]. It is important to note that 
residues are likely to be present when using any cleaning method; their recognition will be 
restricted by the detection limits of the instrument(s) chosen for the study [27].  
Of primary importance during a cleaning treatment is the full control of lateral and 
orthogonal spread of the cleaning liquid on the surface of the artwork. Thickened solvent or 
aqueous pastes and gels have commonly been cited as providing the conservator with 
superior control over the delivery of liquid to the artwork surface [28]. However, aside from 
anecdotal evidence, the authors are aware of only one published study comparing diffusion of 
liquid from a gel and from a moistened swab into paint layers [29]. As there are a variety of 
gels used in conservation - both physically and chemically crosslinked, rheologically weak 
and ‘true gels’, strain-thickening and shear-thinning - and an infinite variety of surfaces with 
a range of porosities to be treated, it is difficult to predict if and when a gel may limit 
diffusion into the surface relative to swab cleaning. Confinement of the liquid within a gel is 
also dependent on the gel network structure and how it may be affected by components on the 
surface to be cleaned – for example, some gels used in conservation are sensitive to changes 
in ionic strength and may undergo syneresis when in contact with the surface of some 
artworks [23].  
Methodical studies of the capacity of different types of conservation treatment gels to 
reduce or ‘control’ liquid diffusion into a variety of conservation-relevant contexts are 
necessary. Here, we present an exploration into the ability of unilateral NMR relaxometry to 
aid in such experiments using a range of conservation treatment gels and two acrylic paint 
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substrates. This non-invasive analytical technique has already shown great potential in the 
heritage science field [30]. Gels have been selected from all of the commonly used categories 
– shear thinning paste-like methylcellulose, Pemulen and Velvesil Plus emulsion gels, strain 
stiffening agar gels, and PVA-borax highly viscous polymeric dispersions. Acrylic emulsion 
paint has been selected as a substrate due to the ease of preparation of mock-ups, the 
abundance of literature on water diffusion into polymer films studied by unilateral NMR,  
their susceptibility to accumulating surface dirt and grime, and the difficulty in finding 
appropriate, low risk cleaning methods for such paints [31-35].  
Unilateral NMR can be used to trace how far the water has penetrated into the paint 
layer, monitor the rate of diffusion, and to quantitatively determine the amount of water 
which has swelled the paint. The acrylic paints selected are commercially available, and have 
been fully characterised elsewhere [36,37]. Two different pigmented acrylic paints were 
selected – inorganic titanium dioxide white (PW6), and organic pigment yellow 3 (2-[(4-
chloro-2-nitrophenyl)diazenyl]-N-(2-chlorophenyl)-3-oxobutanamide) (PY3). Golden Heavy 
Body professional acrylic paints were chosen as they have used in previous swelling studies 
and show moderate swelling in comparison to other brands, such as Liquitex [38]. 
Experiments were carried out on fresh and aged paint-outs. Our results indicate that 
differences in water diffusion are evident not only between gel types, but also between the 
two different acrylic paint types, which is at least partially due to the relative increase in 
medium content in the PY3-based paint when compared to the PW6. Therefore, studies 
employing different paint binders (oil, polyvinyl acetate, alkyd resin or tempera), previously 
treated samples and other substrates (plaster, marble, wood) may yield different results for 
water ingress and will be undertaken in upcoming publications.  
 
2. Methods and Materials 
2.1 Paint Mock-ups and Gel Preparation 
Golden heavy bodied acrylic paints in Hansa Yellow Light PY3 (2-[(4-chloro-2-
nitrophenyl)diazenyl]-N-(2-chlorophenyl)-3-oxobutanamide) and Titanium White PW6 
(TiO2) were deposited on an unprimed cotton drill canvas (25g/m
2, SDC enterprises Ltd., 
product #1205) using a draw down method through a plastic mask to create equally sized 
paint-outs with a dry thickness of approximately 300-500 μm. Samples were allowed to dry 
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for at least four weeks before treatment tests, though it is acknowledged that acrylic 
dispersion paints would still be coalescing at this stage of the drying process [39]. Aged 
paint-outs of the same two Golden paints on Fredrix 10 ounce double acrylic dispersion 
primed cotton duck canvas (Fredrix) were provided by Tate (Table 1). The dried paint 
thickness of these samples is approximately 100 μm, with an overall sample thickness 
(including the primed canvas substrate) of 450-500 μm. Samples of the fresh paints were the 
size of the sensor – 2.5 x 2.5 cm, while aged samples were 1.5 x 1.5 cm in size due to 
sampling limitations.  
Table 1. Description of paint-outs used in this study.  
Sample Name Paint Type Age Ageing Process 
YG1 Hansa Yellow Light PY3 4 weeks Natural 
YG2 Hansa Yellow Light PY3 2 years Natural 
TG1 Titanium White PW6 4 weeks Natural 
TG2 Titanium White PW6 2 years Natural 
TG10-1 Titanium White PW6 10 years Natural 
TG10-2 Titanium White PW6 10 years Natural 
TG10-LA Titanium White PW6 10 years/~50 yearsa Light ageda 
TG10-TA Titanium White PW6 10 years/~50 yearsb Thermally agedb 
a 15,000 lux for 16 weeks under Philips TLD 58W/840 daylight fluorescent tubes with the 
UV component filtered out by an acrylic sheet [Perspex p(MMA)][37] 
b Fisons 185 HWC environmental oven (60. C; 55% RH) for 16 weeks[37] 
 
An 80PVAc-borax gel (4 wt %, 5 g, pH 8) was prepared by dissolving 0.2 g of 80% 
hydrolyzed poly(vinyl acetate) (Poval PVA-424, Kuraray Co., Ltd.), in 3.75 g of deionized 
water at room temperature. Borax (0.05 g, sodium tetraborate decahydrate, Sigma, 99.5-
105%) was dissolved in 1 g of deionized water, added to the polymer solution and stirred 
until a homogeneous gel was formed. A Pemulen TR-2 gel-emulsion (1 wt %, 10 g, pH 6) 
was prepared by following a recipe suggested by Stavroudis [40]. Methylcellulose (5 wt %, 
0.5 g, (BDH, VWR International Ltd) was dissolved in deionized water (9.5 g water, adjusted 
to pH 6 with acetic acid) with gentle heating; once the mixture began to thicken, it was 
immediately removed from the heat and stirred manually with a spatula. Agarose (Sigma, 
BioReagent, low EEO) was dissolved in deionized, boiling water to form either a 1 wt % or a 
4 wt % solution; the solutions had a measured pH 6. The two solutions were poured into 
silicone candy moulds and allowed to cool; the gels were popped-out and placed in sealed 
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container and refrigerated until use. Velvesil Plus (3 g, Safic-Alcan UK Ltd) was diluted with 
D4 (1 g, Octamethylcyclotetrasiloxane, Fluorochem Ltd) and deionized water adjusted to pH 
6 with acetic acid (0.4 g, to yield 9 wt %). For treatments with a water-wetted cotton swab, 50 
mL of deionized water were adjusted to pH 6 with acetic acid. The pH of the solution was 
checked before each treatment test, and a fresh solution was prepared daily. The studies were 
conducted with water and hydrogels at a pH of 6, because slightly acidic solutions have been 
suggested as safer for acrylic paint films [10]; PVA-borax gels which cannot form at a pH 
below 8 are the only exception [28]. 
2.2 ‘Reservoir’ Treatment Tests 
 Paint-outs were attached to glass-slides with double-sided tape and placed above the 
NMR MOUSE sensor. An initial profile scan was obtained to locate the paint layer, then pH 
6 adjusted water was spread onto the paint region above the sensor (0.4 mL for the four-week 
old samples, and 0.1 mL for the 2-10 year old samples due to the difference in sample 
dimensions, Section 2.1). Fifteen profile scans were obtained sequentially on the paint-film 
with the water reservoir. The same procedure was repeated for each of the five gels used in 
this study; the weight of gel used on the paint-surface was selected to contain 0.4 g of water 
(i.e. 0.42 g of 80PVAc gel was used).  
2.3 Simulated Treatment Tests 
 A paint-out was placed above the NMR MOUSE sensor. A single profile scan was 
obtained of the dry paint-film. While the lift was re-adjusting for next profile scan, a cleaning 
treatment was carried out; 30-second or 1-minute treatments on the fresh or aged paints, 
respectively. Consequently, 9 profile scans were sequentially obtained of the paint film after 
complete removal of the treatment gel. The first of these scans was obtained immediately 
after the treatment was completed.  
 Treatments are performed as follows:  swab cleaning was carried out using a cotton 
swab moistened with pH 6 adjusted water; residual water was wicked off the swab via filter 
paper. The swab was gently rolled on the surface; a filter paper was then pressed gently to the 
paint surface to remove any residual water. An 80PVAc-borax gel was flattened with a 
spatula onto a glass slide to form a thin gel film with the approximate dimensions of the paint 
sample. The gel was then placed in contact with the paint-film and pressed to fully cover the 
area above the sensor. After 30 seconds, the gel was removed and a filter paper was pressed 
gently to the paint surface to wick off extra moisture. Agar gels were used in the same 
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manner, but prior to application, excess moisture was wicked off the surface of the gel with a 
filter paper. Pemulen TR2, Velvesil Plus, and methylcellulose treatments were each applied 
via a cotton swab or paint brush rolled on the surface of the paint-film; the gel-pastes were 
allowed to stay on the surface undisturbed for part of the treatment time. A dry swab was 
used to remove the gel-paste, followed by 3 separate wet-washes carried out with gently 
moistened cotton swabs (extra moisture being wicked off via filter paper); the surface was 
finally blotted with a filter paper before the profile scan commenced. Methylcellulose and 
Pemulen were cleared with water adjusted to pH 6 with acetic acid, whilst Velvesil Plus was 
cleared with D4.  
2.4 Paint Characterisation 
2.4.1 DMA Testing 
 Dynamic Mechanical Analysis (DMA) was performed using a PerkinElmer DMA  
8000 with Pyris software version 11.0. Temperature profiles were conducted in single 
cantilever mode at a frequency of 1.0 Hz, a temperature range of -20 ᵒC to 50 ᵒC and a 
heating rate of 3 ᵒC/min. Samples measuring 7 x 4 x 0.4 mm were subject a displacement of 
0.025 mm. The 4-week old samples were prepared from paint-outs on glass slides, as 
described in Section 2.1.; the paint was peeled off the slide and cut to size. The glass 
transition temperature (Tg) was calculated as the onset of the storage modulus curve. The Tg 
of the same paint-outs were measured when they were 4 months old. Unfortunately, glass 
transition temperatures of the aged samples could not be obtained reproducibly using this 
technique.    
2.4.2 ATR-FTIR Characterisation of Surfactants 
 Relative surface surfactant amounts were measured using a Bruker Alpha Platinum 
FTIR with a diamond crystal ATR accessory (penetration depth at 45° and 1000 cm-1 = 
1.65μm). Spectra were collected from 4000-400 cm-1 with a resolution of 4 cm-1; 64 scans 
were obtained of each sample, and each paint-out was sampled in three locations. Relative 
surfactant abundance for each sample is reported as a ratio of the most prominent surfactant 
signal (1110 cm-1) and the corresponding carbonyl signal (~1730 cm-1)[41]; standard 
deviation is reported from the three sampling positions on each paint-out.   
2.5 NMR MOUSE Measurements 
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 NMR spectroscopy studies were carried out on a PM-5 Profile NMR MOUSE 
(Magritek, Aachen, Germany), mounted on a precision lift. The sampling area was 25 mm2 
and a 2 mm spacer was used allowing for a sampling depth of 3250 μm. A Carr-Purcell-
Meiboom-Gill (CPMG) echo radiofrequency pulse sequence [42,43] was used to obtain spin 
echoes at different depths through each paint-film in order to create spatially resolved profiles 
of the T2eff (effective spin-spin relaxation time), and relative volume of water in the top layer 
or the paint-film after a cleaning treatment or a reservoir test. All experiments were carried 
out in ambient conditions, with average laboratory temperature of 21°C ± 2°C and relative 
humidity of 41% ± 4%.   
 A ‘Profile’ collection method was used [44], which allows for the following 
parameters to be set (Table 2): repetition time, number of echoes in the CPMG train, the 
number of scans to be carried out at each step through the film depth, and the resolution (50 
μm in all cases – this was also the step size of the lift movement through the sample depth). 
In the Profile mode, a CPMG echo train is obtained in each step as the lift moves the 
sensitive volume through the paint-film. This macro also allows for the amplitude of different 
parts of the echo train to be averaged in order to obtain T2-weighing of the signal intensity. 
Thus, if the paint-film magnetization has relaxed fully after 32 echoes, while at least 2000 
echoes are necessary for the full relaxation of water in the paint-film, two weight signal 
profiles can be obtained – an addition of the 1st through 32nd echoes which is representative of 
the location of the paint-film, and an addition of the 33rd through 512th echoes which is 
representative of the location of the water in the paint-film. This method eliminates the need 
to subtract a dry paint background from the echo train profiles of the treated paint samples.  
Table 2. Experimental parameters for ‘profile’ tests used in different experiments in this 
study. 
Treatment test Repetition time (ms) Scans Echoes 
Simulated treatments 650 16 256 
Reservoir studies on 4-week paint-outs 1300 4 512 
Reservoir studies on 2-10 year-old paint-outs 500 8 128 
 
3.5 Data Processing 
 Data were acquired using a Prospa spectrometer and accompanying software 
(Magritek, Aachen, Germany). Data were processed using OriginPro 2015 Software. Contour 
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colour maps were created for each paint-out from Profile scans obtained before the sample 
was treated, immediately after treatments, and then sequentially 2-5 more iterations after the 
treatment. Solvent-front movement could be graphically represented by plotting the average 
echo amplitude at each depth for each of the scans – before treatment, immediately after 
treatment, and during the drying process.  
 To extract information on the relative volume of water in the paint-film after 
treatment, the echo train from each affected depth-slice was extracted. The first 32 echoes 
(representative of the paint film relaxation) were masked, the y-axis was converted to a 
natural logarithmic scale, and the scatter points were fitted linearly. The y-intercept (τ = 0) 
corresponding to the maximum signal amplitude of water in the sample was compared to the 
y-intercept (τ = 0) of signal of water obtained under the same experimental parameters (i.e. a 
bulk water sample with the same dimensions, covering the same sensitive volume) [31,45].  
3. Theory 
3.1 Water Diffusion into Acrylic Paint Films 
 The diffusion of liquids into polymeric films, coatings, and paints has been 
extensively studied in industry. The swelling of polymer films and gels has also received 
much attention recently, as diffusion into, within, and out of gels is of great interest in the 
biomedical community. In this study, the amount of water diffusing from gels into pigmented 
acrylic emulsion films is of primary interest. Therefore, a brief summary of liquid diffusion 
into acrylic films will be covered; van der Wel’s review [34] of diffusion into polymer 
coatings provides an accessible and extensive look into this topic, while Ormsby and Learner 
have covered the research pertaining to wet cleaning of acrylic emulsion paints in detail [46]. 
  Numerous variables affect diffusion in polymer films; these include, but are not 
limited to, film thickness, glass transition temperature (Tg), the type of pigment particles (and 
their loading in the binder, PVC – pigment volume concentration) [47], the polymer type, and 
the presence of surfactants and a myriad of other additives in the case of paint-films. The 
situation becomes even more complex when considering the multi-layer structure, ageing 
processes, and experimental methods often found in works of art. Classic Fickian diffusion is 
heavily dependent on concentration, which in polymer films can occur only in an ideal case 
under the assumption that polymer chain rearrangement (so called, structural relaxation), 
does not interfere with penetrant diffusion [34,48]. The three most common non-Fickian 
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diffusion kinetic models observed in polymer films are ‘two-stage sorption’, ‘sigmoidal 
sorption’, and ‘case II sorption’. Two-stage sorption is characterised by an initial period of 
Fickian diffusion, during which the hole free volume is occupied, followed by a structural 
stage which is dependent on polymer relaxation and restructuring before saturation is 
achieved. Systems which exhibit sigmoidal sorption kinetics experience Fickian diffusion 
with an anomalous initial stage due to a delayed establishment of equilibrium at the film 
surface. In some cases, Sigmoidal diffusion kinetics may be followed by two-stage sorption 
kinetics. Finally, Case II sorption kinetics are characterised by constant linear penetrant 
uptake and swelling of the polymer film, the plasticisation of the film allowing for an 
increase in the diffusion kinetics [34].  
 Studies of water intake into polymer films by single-sided NMR have been useful in 
confirming the theoretical models described above. Kopinga et al. recently showed that in 
highly crosslinked polyurethane films, water uptake occurs without the plasticisation of the 
polymer matrix below the enthalpy relaxation temperature, while water uptake and polymer 
chain mobilization occur at higher temperatures [49]. In a more practical application, Gazi 
and Mitchell showed that liquid diffusion profiles into polymeric coatings can be obtained 
during the penetration process, allowing for the visualisation of film swelling, the elucidation 
of the dynamics of solvent spread into the film, and the determination of preferential solvent 
accumulation sites within the film [45].  
 Specifically pertaining to solvent ingress into acrylic paints, Ulrich et al. used single-
sided NMR spectroscopy to show that ingress of water into titanium white waterbourne 
acrylic paint-films is largely independent of its salt concentration when the films have not 
experienced any prior cleaning treatment [31]. Acrylic films that have been washed of bulk 
additives, however, absorbed less water than control paint-films, and this uptake decreased 
further with increasing salt concentration [31]. These results are in agreement with studies on 
swelling and surfactant extraction conducted by Dillon et al. who showed that changes in the 
volume decrease when the conductivity of the aqueous washing solution is increased [10]. 
Similar results have been obtained in other studies, indicating that increased salt 
concentration in the cleaning solution decreases swelling [9], and that removal of water-
soluble paint components has the same effect [50,51]. 
 The swelling of acrylic paint films during immersion in water or aqueous cleaning 
treatments is dependent on the types and amounts of additives in the paint formulation, and 
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therefore is brand-dependent [37,38,52]. Both thermally and light-aged acrylic paints tend to 
swell less than their un-aged counterparts [46], and this may be partly attributed to the photo-
degradation of hydrophilic surface surfactants [41]. Paints containing organic pigments may 
swell to a larger extent than those formulated with inorganic pigments due to the higher 
proportion of paint medium, and consequently, hydrophilic components [46]. Though the 
presence of water-extractable components in the bulk of the paint film tends to cause 
increased swelling, based on studies of the water self-diffusion coefficient within the paint-
films, Ulrich et al. conclude that the presence of surfactant and the concentration and size of 
salt ions in the aqueous solution do not affect the rate of water diffusion within the paint [31]. 
Finally, the temperature [53] and relative humidity conditions at which the paint film has 
been stored, or is undergoing treatment in, are likely to have an effect on that rate of water 
permeability. These conditions not only affect the properties of the polymer film, but also the 
migration and localisation of hydrophilic surfactants in the paint [54]. 
3.2 Structure of Gels  
 It is important to note that the gels used in this study have very different physico-
chemical and rheological characteristics. The retention of water and its diffusion within the 
gels will also differ. Agar gels are physical, strain-stiffening gels prepared from hydrogen-
bonded bundles of polymer chains having porous regions within which water can diffuse as if 
in the bulk. Water in the agar gels can also be structured near the bundles and its diffusion 
can be hindered not just by chemical interactions with the polymer chains but also by 
physical obstruction by the bundles giving rise to increased tortuosity [55]. The pore size 
depends on the agar grade, the concentration, and the preparation method of the gel [56]. The 
gels used in this study have not been analysed for pore size, but based on other publications, 
we can speculate that the pores in 1 wt % agar gels will be larger and have a higher 
polydispersity than the pores in gels prepared with 4 wt % agar; the pores are not expected to 
be larger than 400-500 nm [56,57]. 
 Methylcellulose is a form of partially methylated cellulose; the hydrophobic 
modification is necessary to overcome the strong intermolecular hydrogen bonding of 
cellulose and for its dissolution in water [58]. When dissolved in water, the hydrophobic 
regions of the methylcellulose fibres are encapsulated by water molecule ‘cages’, which upon 
heating are dispersed, allowing for the formation of hydrophobic aggregates which form into 
fibrils with ca. 14 nm diameters [58,59]. These fibrils then assemble into bundles of diameter 
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on the micrometer scale, which hold a large amount of the water within their structure [59]. 
The formation of a gel network at increased temperatures (ca. 60°C) is counterintuitive, and 
many of the fibres are lost on cooling (ca. 30°C) [58,59]. The room temperature 
methylcellulose solution is closer to a viscous polymer solution than a gel, with 
approximately 5-6 mol of bound/structured water per every repeating unit of methyl cellulose 
[59].  
 Poly(vinyl alcohol) or partially hydrolysed poly(vinyl acetate) can be crosslinked with 
borax in aqueous, organic, or organo-aqueous solutions to form gel-like materials [60]. The 
true nature of the PVA-borax systems is comparable to highly viscous polymeric solutions 
with transient crosslinks having a finite relaxation time. The materials are dynamic, self-
healing, and mouldable yet at the same time, strain-stiffening and elastic. The combination of 
these characteristics yields a material which can flow and conform to complex structures and 
surfaces, yet maintain its shape so that removal from a surface can be achieved simply by 
lifting or peeling [23,24]. As in methylcellulose solutions at room temperature, PVA-borax 
systems act more as polymer solutions than gels under standard conditions, and the majority 
of water which is not bound to the polymer by hydrogen bonding is considered free. 
Nonetheless, the diffusion of water in polymer solutions is slower than in a true gel structure, 
where pores and channels which lack the hindrance of polymeric macromolecules allow for 
faster diffusion of the liquid [61].  
 Pemulen-TR2 is a polymeric emulsifier formed from a block co-polymer of 
hydrophilic poly(acrylic acid) and hydrophobic long-chain C10-C30 methacrylates [62]. Using 
this single polymer, non-miscible liquids can be made into oil-in-water gel-emulsions where 
the hydrophobic liquid is encapsulated by the methacrylate portion of the polymer, and held 
in a thickened aqueous polyelectrolyte gel network which forms from the poly(acrylic acid) 
portion of the polymer. In this way, the emulsion droplets are prevented from coalescing 
through a process of electrosteric stabilisation [63]. It can be assumed that the gel-portion of 
these systems is formed in the same manner as in Carbopol gels – when dissolved in water, 
some of the carboxylate groups on the polymer backbone dissociate, and through electrostatic 
repulsion cause the polymers to extend into a rigid form; addition of a base enhances this 
effect to a degree although screening of the dissociated acid groups may eventually occur, 
resulting in a collapse of the gel viscosity [64]. 
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 Finally, Velvesil Plus, a silicone emulsifying gel is composed of epoxy-crosslinked 
silicone crosspolymer gel particles and a silicone poly(ethylene)/poly(propylene oxide) 
copolymer [65]. This system is used to create water-in-oil emulsions with the propylene 
oxide chains encapsulating the water in a chemically-crosslinked hydrophobic silicone 
dispersion. The paste-like gel is used to deliver aqueous cleaning systems to water-sensitive 
surfaces, and is commonly diluted to the desired consistency using dimethicone D4 and D5 
solvents which act to swell the crosslinked silicone gel particles [66]. The aqueous 
component of the dispersion comes in contact with the surface during cleaning, and if the 
Velvesil Plus gel is left on the surface for sufficient time, the evaporation of the dimethicone 
diluent and subsequent collapse of the gel particles can result in further release of the 
entrapped aqueous portion of the emulsion [66]. 
4. Results and Discussion 
4.1 Solvent Ingress during Reservoir Experiments 
 Data obtained from the NMR MOUSE in a ‘profile’ sequence is rich with 
information. A higher resolution scan of the paint film can be obtained initially to localise the 
exact boundaries of the air-paint and paint-glass interfaces. The data is visualised in a 2D 
colour-intensity plot with an x-axis representative of the CPMG echo train decay, and a y-
axis representative of the depth in micrometres. A vertical ‘slice’ through the 2D map at τ = 0 
ms on the echo train axis allows for a visualisation of the proton density through the depth of 
the scanned region, thus allowing for the location of the paint film. If the films were prepared 
from different components, these would be differentiated in such a signal amplitude profile 
scan.  
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Fig. 1. An example of the 2D profile data obtained for a Hansa yellow light paint-out on a 
glass slide. A horizontal slice through the 2D data yields the CPMG echo train decay for each 
depth within the sample (top curve), while a vertical slice through the 2D data at the τ = 0 
yields a profile of the proton density through the scan depth (right curve).  
 To demonstrate how the water ingress into a sample can be monitored, a 30 second 
Pemulen-TR2 gel treatment test is shown in Fig. 2. The much longer relaxation time, 
expressed by a higher intensity for the entire echo train decay in the top slice of the paint film 
in the 2D map, represents the location of the water in the profile. The echo decay data from 
the water-laden sections of the paint film can be extracted and fitted. Of interest in these 
studies is the ability to obtain the y-intercept of the water signal in these layers which can be 
compared to the same data from free water to calculate the relative volume of water in the 
sensitive volume of the experiment.  
 The signal amplitude data in Fig. 2 also demonstrate the localisation of a much higher 
proton density in the top 150 μm of the paint film. Continuous scanning through the depth of 
the paint film, and extraction of the signal amplitude at τ = 0 ms allows us to trace the 
movement of the water after the treatment. In the plot to the right in Fig. 2, the increased 
proton density from the water signal is shown to move deeper in the paint-film, whist 
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simultaneously decreasing in the top layers. The drying process in these initial stages seems 
to include evaporation and de-swelling of the paint-film at the air-interface accompanied by 
diffusion of the water into the paint-film (red arrow in Fig. 2). Because these films are 
attached to a glass substrate, drying cannot occur from both fronts. The migration of liquid 
from the top paint layers deeper into the paint-film after exposure to a gel may be of 
relevance as it is likely that during an actual conservation treatment, the water may contain 
cleaning agents such as chelators or surfactants. Furthermore, although some gels are able to 
reabsorb part of the solubilised surface dirt and grime, some of this material may be carried 
further into the paint film after the gel has been removed during the drying process.         
 
Fig. 2. An example of the 2D profile map obtained of a Hansa yellow light paint-out on a 
glass slide immediately after a 30 sec treatment with Pemulen TR-2. The presence of water in 
the 2D profile plot and CPMG echo train decays is expressed by the much longer relaxation 
time of the decay. The location of the water can also be visualised by the increased proton 
density in the top 150 μm of the signal amplitude profile; six sequential profiles obtained 
during the drying process have been shown to the right. The red profile signal represents the 
dry paint film before treatment and the red arrow shows the progression of the water signal 
into the depth of the film.  
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 By greatly reducing the number of scans, the repetition time and number of echoes in 
the sequence, the experiments can be extended to reflect the signal of the diffusing water-
front rather than that of the paint-film (this is accomplished by the contrast function described 
in the Methods section). The entire profile can then be obtained in 60-90 seconds, and 
profiles of the paint-film with the treatment agent on the surface can be continuously obtained 
until full saturation of the paint-out occurs (Fig. 3a). With these parameters, we can calculate 
that saturation occurs when approximately 30% of the sensitive volume is occupied by water. 
The progression of the liquid into the paint film at different depths can be extracted (Fig. 3b 
and 3d). The treatment agent can then be removed, and the drying of the paint-film can be 
monitored using the same parameters (Fig. 3c). The penetration seems to follow uptake and 
drying kinetics based on a Type II sorption isotherm [35,67]. Along with the water ingress 
into the paint-film, an approximate 100 μm swelling of the paint surface layer is observed in 
Fig. 3a (green double-headed arrow). Similar swelling of the paint film is observed in YG1 
samples during continuous exposure to the gel systems.  
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Fig. 3. Average echo amplitudes of the water signal through the depth of a 4-week old 
titanium white paint-out on glass with Pemulen TR-2 on the surface (A); 20 profiles were 
obtained before the Pemulen TR-2 was removed, and 60 profiles were obtained after removal 
(C). The solvent ingress (B) and egress (D) expressed as the % of the sensitive volume 
occupied by water are shown at two different depths for each experiment. The dry film 
profile is shown in red; the dashed yellow lines show the gel-paint (A), air-paint (C) and 
paint-glass (A and C) interfaces. The single-headed green arrow in A represents the 
movement of water into the paint-film, while the double-headed green arrow represents the 
movement of the gel-paint interface as the paint swells. The red arrow in C represents the de-
swelling of the paint-film through a reduction of the water signal intensity.   
  Obtaining a ‘horizontal slice’ through data like that presented in Fig. 3a from 
reservoir treatments with each gel type on 4-week old paint-outs, shows the water progression 
through the paint-film. Rather than monitoring saturation of the entire paint-film, this data 
allows for a qualitative understanding of the water flux through the paint whilst it is 
continuously exposed to the treatment system. The titanium white paint, with a Tg of 8.8°C 
absorbs water from all of the gel systems and bulk water at faster rates than the Hansa yellow 
light paint (Tg = 14.5°C), (Fig. 4). Within ten minutes of exposure to the treatment system, 
more than 80% of the paint film has been breached by water in the young TG1 films (Fig. 
4a), though this process occurs fastest with the PVAc-borax and Pemulen TR-2 gels. Similar 
trends are observed in the young YG1 paint films, though less than 80% of the paint film was 
affected by water after ten minutes (Fig. 4b). In both young paints, diffusion of free water 
occurred at rates comparable to or only slightly faster than from a 1% agar gel or 5% 
methylcellulose paste. PVAc-borax gels are formulated at pH 8, and also contain free, non-
crosslinked borate ions and boric acid in the liquid part. It is possible that the increased water 
permeation from this gel system is due to the more basic pH [10,46]. Syneresis from PVAc-
borax gels was also observed when they were placed on the Hansa yellow paint which may 
be a result of the larger amount of non-ionic surfactant present on the surface of this paint 
relative to the titanium white (vide infra, Fig. 7) [37]. 
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Fig. 4. Depth of titanium white TG1 (A) and Hansa yellow light YG1 (B) paint-out samples 
affected by water released from different gel systems or a bulk water reservoir over the 
course of 10 profile scans. The depth is expressed as a percentage, with 100% representing 
the entire thickness of the film and canvas from the air to the glass interface; experiments 
were performed in triplicate.  
 Due to sample limitation, only diffusion from a free water reservoir could be studied 
on the aged paint-outs. The paint layer in these samples is only ~100 μm thick in contrast to 
the 400-500 μm young paint-outs. The movement of water into the aged samples was visibly 
much slower; the profile scans obtained confirm this trend (Fig. 5 and 6) with the 2-year old 
paint-outs swelling faster than the 10-year naturally and artificially aged paint-outs. Within a 
50-minute reservoir experiment, water had saturated the paint-layer and moved into the 
canvas of TG2, while only the paint-layer was saturated during this time in TG10 (Fig. 5). 
Surface wettability of the light-aged film was very low. FTIR-ATR characterisation (Fig. 7) 
of the make-up of the paint-films shows that the surface-surfactants of the TG10-LA have 
been almost entirely lost. Similar low wettability was observed for the TG10-TA sample, 
though to a lesser extent. Studies have shown that surfactants can migrate to the surface after 
thermal ageing [41]. The loss of surface surfactant as well as other processes such as 
increased polymer coalescence, crosslinking, and chain density [46], limit the penetration of 
water into the light-aged sample to a greater extent than any of the other aged samples (Fig. 
6). Diffusion is also slower in the thermally aged sample, TG10-TA. 
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Fig. 5. Diffusion of water into 2-year old (left) and 10-year old (right) titanium white paint 
films. The red arrows show the movement of water into the paint layer, marked by yellow 
dashed-lines; the black arrow shows the movement of water into the primed canvas in the 
younger paint-out.  
 Diffusion of water and swelling occur to the greatest extent in the YG2 (2 year old 
yellow) sample, where signal from water in the sensitive volume in the centre of the paint-
film reaches a plateau at nearly twice the value of that in sample TG2 (Fig. 6). The extent of 
swelling in this sample is comparable to that in the top 50 μm of the unaged, YG1 sample. It 
is likely that the higher medium and additive content associated with organic pigmented 
paints results in a larger hygroscopicity of this paint. Because of limited samples, replication 
of the experiments was not possible, though the YG2 experiment was carried out twice on 
two separate paint samples due to its anomalously large swelling capacity. The results of the 
second trial are comparable to the first, suggesting that YG2 absorbs much more water than 
TG2 and all of the ten-year old paints.  
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Fig. 6. Saturation by water of a 50 μm thick layer in the centre of the paint film during 
reservoir tests with free water; (A) two-year old paint-outs and (B) ten-year old paint-outs.   
 
Fig. 7. ATR-FTIR measured amounts of surface surfactant on young and aged films used in 
this study. 
 
4.2 Water Ingress during Simulated Treatment Experiments 
 Following the ‘reservoir’ tests, exposure of the 4-week old paint-films to the selected 
gel treatments for 30 seconds followed by a standard clearance procedure was expected to 
show similar trends in water delivery trends (Fig. 8). Indeed, of the gel systems tested, the 
agar gels release a minimal amount of liquid during the treatment test, with the 4% agar gel 
showing the most ‘controlled’ delivery. In opposition to many statements made regarding gel 
versus swab cleaning and control over the quantity of liquid delivered to the paint substrate, 
moistened swabs deliver very low amounts of water to the paint-film surface. In the young 
acrylic paint-films, swab cleaning and agar gel cleaning release approximately the same 
volume of water into the paint. The Velvesil Plus silicone emulsion (9 wt % water) was not 
found to release detectable liquid into the Hansa yellow light paint films, and a minimal 
amount into the titanium white paint. A test with Velvesil Plus carried out when the paint-
outs were 6-weeks old showed no penetration of liquid into the titanium white paint.   
 Although typically within experimental error, the general trend seems to show the 
Hansa yellow light paint absorbing less water than the titanium white paint in the young 
paints. As noted earlier, the Tg of the yellow paint is approximately 7°C higher than that of 
the white at this stage of the drying process. Although the paints are of the same grade and 
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produced by the same company, there are significant differences in their composition. Most 
notably, the PY3 dye is an organic monoazo pigment and due to its high tinting strength 
requires a much lower loading than an inorganic pigment [68]. Because the pigment particles 
are very small and in low concentration, fillers and extenders (typically barium sulfate and 
calcium carbonate) are added to increase the paint coverage ability and to aid in creating the 
desired rheology of the paint [69,70]. However, studies have shown that Golden Heavy body 
acrylics contain very low concentrations of these materials [37]. Organic pigmented paints 
also contain larger quantities of emulsifier, surfactants, ionomers, and other hydrophilic 
additives. The marginally reduced propensity of the young yellow paint relative to the young 
white paint in absorbing water during the conservation treatments is therefore 
counterintuitive, though in agreement with the reservoir test results. Other factors 
contributing to differences in water absorption include pigment clusters, numbers of channels 
available for water transport, polymer chain density, surface osmotic effects, and the glass 
transition temperature of the films. The abnormal trend observed in this study may be a result 
of numerous factors, though the short drying time of these films is the most likely reason for 
their properties and tendency to absorb water.     
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Fig. 8. Volume of entire paint film occupied by water after 30 second simulated treatments 
with a moistened swab or each of the listed gels on 4-week old paint films. The grey bars 
represent titanium white paint films on cotton canvas backing, the yellow bars represent 
Hansa yellow light paint films on cotton canvas backing. Standard deviation is obtained from 
3-4 separate trials. Green region denotes data from Velvesil Plus simulated trials; blue dashed 
lines facilitate reading of the graph. 
  
 The simulated treatment tests were also performed on aged paint-outs, though only a 
single trial could be carried out. The treatment time was extended to 60 seconds on the two-
year old and ten-year old samples because 30-second treatments delivered nearly 
undetectable quantities of water into the paint surface. Even with a one minute treatment, the 
volume of sample occupied by water was typically less than 10% (Fig. 9). Following the 
trends observed in the reservoir tests, the YG2 paint-outs swelled the most during the 
simulated treatment tests, with the PVAc-borax gel and Pemulen releasing the largest 
quantities of water into the paint. Both two-year old paint films, TG2 and YG2, absorbed 
more water during the treatments than the ten-year old samples. The light aged and thermally 
aged paints, TG10-LA and TG10-TA, respectively, absorbed the smallest quantities of liquid 
– in most cases water was not detected after the treatment in these samples. The Pemulen-
TR2 treated TG10-LA sample is the only incongruous result, and may due to experimental 
error or the high ionic content of this gel.  
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Fig. 9. Volume of aged paint-outs occupied by water after a 1 minute treatment with various 
gel systems and the appropriate clearance procedures.  
 As expected, the older samples are less prone to absorbing large quantities of water 
during simulated conservation treatment conditions. In addition, because the quantity of 
water absorbed by these samples is so small and localised only the top 50 microns of the 
paint layer, the drying process occurs much more quickly after the treatment (within 5 
minutes, a water signal was no longer detected). As a result, the movement of water from the 
treatment further into the paint does not seem to occur to a large extent, though paint films 
can be as thin as 50 microns.  
 
5. Conclusions 
 NMR relaxometry was used to evaluate water uptake in two artists’ acrylic emulsion 
paints – Golden heavy bodied Hansa yellow light (PY3) and titanium white (PW6) – during 
exposure to a range of thickened and gelated cleaning treatments. The studies were carried 
out by following simulated treatment protocols lasting 30-60 seconds, or by exposing the 
paint-outs to the treatment until full water saturation of the paint was achieved. Young paints 
tend to absorb much more water in both set-ups than aged paints. In simulated treatments, the 
white aged films typically have less than 10% of their volume occupied by water after a 1 
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minute exposure to the gel systems, while 15-30% of the volume in the young white paints 
can become occupied by water after gel treatments lasting only 30 seconds. Four-week old 
Hansa yellow light paint films were found to absorb slightly less or the same amount of water 
from most treatment systems as titanium white paint films of the same age. However, Hansa 
yellow light paint samples which were naturally aged for two years absorbed more than twice 
the amount of water that two-year old titanium white paint films absorbed during extended 
exposure. Experiments carried out on ten-year old naturally aged, and light aged and 
thermally aged samples (~50 years), showed a greatly reduced propensity to absorb water 
during simulated treatment tests. The light aged titanium white paint absorbed the smallest 
amount of water in all experiments – liquid in the paint film was only detectable from two of 
the simulated treatment tests, occupying less than 5% of the paint volume.  
 Simulated treatments of both young and aged paint films showed that the use of a 
gently moistened swab does not result in greater release of water into the paint film than 
during the use of thickened systems. Of the gel treatments tested, only agar gels show water 
release on par with swab cleaning. However, agar gels did not reduce the amount of water 
released relative to a water swab in this study. Therefore, the main advantage to agar is 
reduced mechanical action relative to swab cleaning; this advantage is somewhat lost if a 
follow-up swab-clearance step is necessary to remove surface grime dissolved by the agar 
gel, or to remove chelating agents delivered to the surface by the gel. Furthermore, agar gels 
are commonly applied as brushed-on warm solutions which may result in a larger release of 
water to the paint surface, softening of the paint, and softening and melting of the surfactants. 
This question will be explored in future studies. 
 Pemulen-TR2 and PVAc-borax gels allow large quantities of water to diffuse into the 
paints tested, both young and aged. The cause of this has not yet been elucidated, though the 
pH and ionic strength of these gels may play a role. The more dynamic nature of the polymer 
network in these gels relative to the agar gels may also contribute, depending on its 
propensity for physico-chemical interactions with the paint surface. Methylcellulose gels had 
an intermediate effect, showing large release of water into the young paint films during 
simulated treatments, and release comparable to that of agar in reservoir tests. It is possible 
that the majority of water ingress from the methylcellulose treatment occurs during the 
clearance steps. The same may be true of the Pemulen-TR2 gels. The Velvesil Plus system 
inhibits water ingress into the paint films, though the studies presented here are very limited 
and do not take into account the greatly reduced quantity of water in this emulsion system. 
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Further experiments using thickened water-in-oil emulsion systems and on solvent-based gels 
will be carried out in future studies.  
 The results of this first study demonstrate the potential of NMR relaxometry in 
elucidating differences between cleaning treatment methods. As expected, large differences 
in water ingress from gel systems were found not only between young and aged paint films, 
but also depending on the ageing history of the paints. The relative propensity of gel systems 
for water release into substrates is likely to vary greatly and should be explored on other 
artists’ materials. This study was also largely limited to gels that are typically water based, 
and the results may be different with organogels or micro-emulsion loaded systems.  
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